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ABSTRACT 
The formation sequence of (Cd,Mn,Fe) (Mn,Fe) 2o 4 from 
the individual oxides,x CdO + (1-x) Mnco 3 + a-Fe 2 o3,was 
found by X-Ray diffraction. Cd{Mn,Fe) 2 o4 was formed com-
pletely from Cd0·Fe2 o3 and Cd0·Mn2 o3 at 900°C and reacted 
with MnFe 2o 4 for 0 < x ~ 0.5 and with a-Fe 2o3 for 
iii 
0.5 < x < 1.0 to form a single phase of (Cd,Mn,Fe) (Mn,Fe) 2o4 
at 1150°C. This is the first time that the details involved 
in the formation sequence of CdMn-ferrite have been shown. 
A mixture of 0.5 CdO + 0.5 MnC0 3 + a-Fe 2o3 was calcined 
at 900°C for 2 hrs forming Cd{Mn,Fe) 2o4 with no Cd present 
in the other phases. Sintering was accomplished at 1150°C 
for 30 minutes forming a single phase of cd0 . 5Mn 0 • 5Fe 2o4 
with a bulk sintered density of 98-99% of the X-Ray density. 
The rate of changing density followed the relationship, 
p = K ln t + c, at temperatures between 1050°C and 1300°C. 
Magnetic properties of CdxMnl-xFe 2 o4 were affected by 
composition x. A relationship, B = gx + h, was found between 
maximum magnetic flux density B and composition x at room 
temperature for 0 < x < 0.3. This was rationalized by a 
modification of Neel's theory. The maximum magnetic flux 
density decreased with increasing cadmium concentration for 
0.3 < x < 0.5. This decrease was attributed to the changing 
direction of the magnetic moment in the octahedral site sub-
lattice according to the superexchange theory. No magnetic 
properties were observed due to the formation of a com-
pensated antiferr6magnetic phase for 0.5 < x ~ 1.0. 
Maximum magnetic flux density increased with bulk 
density, while the coercive force decreased with the grain 
growth and the initial permeability increased with the bulk 
density and grain size. 
A stator core used for a-c electric motor application 
was formed by pre-sintering at 900°C for 2 hrs. Slots 
were then sawed with a tungsten carbide blade and final 
sintering was accomplished at 1150°C for 1 hr. 
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INTRODUCTION 
The research reported in this dissertation is discussed 
in four parts. The first part deals with the formation of 
CdMn-ferrite from x CdO + {l-x)Mnco3 + ~-Fe2 o 3 studied by 
X-Ray diffraction. The second is a study of calcination 
and sintering of CdMn-ferrite. The third is a study of the 
magnetic properties of CdMn-ferrite. The fourth part is 
a study of the fab~ication of stator cores for electric 
motors. 
In the study of the formation of CdMn-ferrite by X-Ray 
diffractio~ it was shown that the individual oxides first 
formed Cd0•Fe2o3 and Cd0·Mn2o3 which then reacted to form 
·cd(Mn,Fe) 2o4 at 900°C. Cd(Mn,Fe) 2o4 then reacted with 
Mnfe2o4 for 0 < x < 0.5 and with ~-Fe2 o 3 for 0.5 < x < 1.0 
to form a single phase, {Cd~Mn,Fe) (Mn,Fe) 2o4 , at 1150°C. 
This work presents for the first time the sequence involved 
in the formation of CdMn-ferrite from the individual oxides. 
For calcination, Cd(Mn,Fe) 2o4 formed at 900°C for 2 
hrs contained all of the Cd in the starting mixture. During 
sintering, a single phase of {Cd,Mn,Fe) (Mn,Fe) 2o4 was formed 
at 1150°C for 30 minutes. The bulk density reached 98-99% 
of the X-Ray density. The rate of changing density of 
Cd0 •5Mn0 •5Fe2o4 followed the relationship, p = K ln t + c, 
at temperatures between 1050°C and 1300°C. 
The magnetic properties of CdxMnl-xFe2o4 confirm that 
Neel's theory can be applied at room temperature for com-
position x in the range 0 ~ x ~ 0.3 according to the 
xvii 
relationship, B = gx + h. The results also confirm that 
the superexchange theory can be applied to explain the 
decrease in maximum magnetic-flux-density with cadmium con-
centration for 0.3 < x < 0.5. A compensated antifer-
romagnetic phase was found in the range 0.5 < x < 1.0. 
Relationships were found between maximum-magnetic-flux-
density and bulk sintered density, coercive force and grain 
size. Relationships between initial permeability and both 
bulk sintered density and grain size were also found. 
Stator electric motor cores were formed by presinter-
ing at 900°C for 2 hrs. Slots were cut with a tungsten 
carbide blade before final sintering at 1150°C for 1 hr. 
1 
PART I 
CADMIUM MANGANESE FERRITE 
I. FORMATION STUDY BY X-RAY DIFFRACTION 
ABSTRACT 
The formation kinetics of cadmium ferrite and cadmium 
manganate from the individual oxides were studied first to 
provide a basis for understanding the formation of the mixed 
The reactions of CdO + a-Fe2o3 -
Cd0•Fe 2o3 and CdO + Mn 2o3 ---cdO·Mn2o3 obeyed Jander's 
diffusion equation, (1 - 3 tr=i) 2 = Kt, at 700°C and over a 
short time range for temperatures of 750° and 800°C. The 
activation energies for the two reactions were 69,600 cal/ 
mole and 45,200 caljmole respectively. 
The formation of Cdx Mnl-x Fe 2o4 from CdO : MnC0 3 : 
a-Fe 2o3 with mole ratios of x: (1-x) : 1 was continuous and 
simultaneous with the growth of Cd0·Fe 2o3 and the diminution 
of Cd0•Mn2o3 at temperatures between 600° and 800°C. At 
900°C, the solid solution Cd (Mn,Fe) 2o4 was formed and 
coexisted with Mn3o4 and a-Fe 2o3 for compositions of 
0 < x < 0.5 and only with a-Fe 2o3 for 0.5 < x < 1.0. A 
single phase of CdxMnl-x Fe2o4 formed for all compositions 
of 0.0 < x < 1.0 at 1150°C. 
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I. INTRODUCTION 
The formation of Ni-ferrite, Mn-ferrite(l) and NiZn-
ferrite{l, 2) has been studied by X-Ray diffraction analysis. 
Quantitative analysis of the kinetics of the formation of 
Zn-ferrite(J) and Mg-ferrite( 4) has also been accomplished 
by X-Ray diffraction. Jander's diffusion equation was found 
by these authors to be obeyed over a portion of the tempera-
ture ranges studied. However, the reaction mechanisms and 
sequences involved in the formation of mixed ferrites have 
not been well defined in the literature. The purposes of 
this investigation are: 
A. To further the understanding of the formation of 
CdMn-ferrite by studying first the kinetics of the for-
mation of Cd-ferrite and Cd-manganite, which provide a 
basis for understanding the details of the mixed CdMn-ferrite 
reaction. 
B. To obtain the optimum temperature-time cycle for 
calcination and sintering, with the reaction sequence and 
densification behavior for polycrystalline CdMn-ferrite. 
(see part II.) 
c. To determine the magnetic properties of CdMn-ferrite 
as a function of composition, bulk density and grain size. 
{see part III.) 
II. EXPERIMENT 
A. Sample Preparation 
The materials used in the preparation of the various 
samples were Baker analyzed reagent grade CdO and ~-Fe 2o 3 
and Fisher certified reagent grade Mnco 3 • The purity of 
each was greater than 99.40%. 
3 
Samples with one-to-one mole ratios of CdO and ~-Fe2o 3 
and of CdO and Mn2o3 and samples with Cd0:Mnco 3 :~-Fe2o 3 
mole ratios of x: (1-x):l, where x=O.l, 0.3, 0.5, 0.7 and 
0.9 were prepared in one hundred gram batches for each com-
position with each component weighed to within 0.1 milli-
grams, dry mixed with a Fisher Kendall shaker and screened 
several times, heated 2 hrs at 600°C and ground with a 
mortar and pestle to -40 mesh. 
The samples of 1 CdO:l a-Fe2o3 and 1 CdO:l Mn2o3 were 
placed in an electric furnace at each of three temperatures 
of 700°, 750°, and 800°C, and heated for time periods of 
10, 30, 50, 70, 90 and 120 minutes, then removed and air 
quenched for use in the kinetic studies. The temperature 
was monitored with a Pt + 13% Rh vs. Pt thermocouple. The 
temperature error was less than ±10%. A series of calibra-
tion samples was prepared by mechanically mixing various 
percentages of CdO, a-Fe2o3 and CdO.Fe2o3 and also CdO, 
Mn2o3 and Cd0•Mn2o3 • These mixtures were used for obtaining 
quantitative X-Ray calibration curves. The various per-
centages mixedwere: 
CdO + a.-Fe2o3 
(1-x) (128. 40) (1-x) (159. 69) 
CdO + Mn 2o3 





where x was varied from zero to one in 0.1 increments. 
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Three gram samples each of 1 CdO:l a.-Fe 2o3 , 1 Cd0:1Mn2o3 
and 0.5 CdO : 0.5 Mnco 3 : a.-Fe 2o3 were placed in alumina 
crucibles and put into a pre-heated furnace. After tempera-
ture equilibration for 1-2 minutes, the time count was 
initiated. Each sample was heated for 2 hrs at each of the 
following different temperatures: 650°, 700°, 750°, 800° 
850° and 900°C, and the phases analyzed by X-Ray diffraction. 
The samples with composition x CdO : (l-x)MnC0 3 : 
a.-Fe 2o3 , where x = 0.1, 0.3, 0.5, 0.7 and 0.9, were calcined 
at 900°C for 2 hrs. Some calcined samples were uniaxially 
pressed into disks at 600 psi, and then isostatically 
pressed at 2,500 psi, sintered at 1150°C for 30 minutes, 
air quenched, and then ground to a fine powder. Both 
calcined and sintered specimens were then used for X-Ray 
phase identification and lattice parameter measurements 
to study the mixed CdMn-ferrite formation at temperatures 
of 900° and 1150°C. 
B. X-Ray Diffraction Analysis 
A General Electric Model XRD-5 X-Ray diffraction unit 
was used. Diffraction patterns were made for each sample. 
A 28 range of from 20° to 90° was covered on the majority 
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of the samples, These wide limits were used to check for 
new peaks that might have appeared as the reactions pro-
ceeded. Copper Ka radiation with a nickel filter, a slit 
1°/MR/0.1°, counting range 1000 CPS, input sensitivity= 3.6, 
E = 50 and nE = 7.5 were used. 
The rate of 0.2° 28/minute was used for kinetic studies. 
The peak of CdO(d = 2.349, hkl = 200) was cut from the chart 
paper, weighed and checked with the calibration curve 
pre-prepared to measure the amount of cadmium oxide reacted. 
The scanning rate of 2° 28/minute was used for phase identi-
fication and 0.2° 28jminute for phase resolution. The rate 
Of 0.2° 28/minute was also used to measure the lattice 
parameters using cadmium oxide as the internal standard 
(d = 2.712, hkl = 111) to calculate the d-spacing of planes 
(311) and (220) for the mixed spinel solid solution which 
formed at 900°C calcination and 1150°C sintering temperature. 
III. RESULTS AND DISCUSSION 
A. Kinetics of Formation of the Single Spinels 
Figure 1 shows the calibration curve for the formation 
of cadmium ferrite and Figure 2 shows the calibration 
curve for the formation of cadmium manganate. X-Ray 
diffraction patterns representing the reaction, CdO + 
shown in Figures 3 and 4 respectively. 
The weight percent completion of spinel formation of 
cadmium ferrite and cadmium manganate is shown in Figures 
6 
5 and 6 respectively. At 800°C, 95% of the Cd0·Fe2o3 and 88% 
of the Cd0•Mn2o3 were completely formed after 2 hrs. 
The plots of Jander's diffusion equation of (1- 311-x) 2= 
Kt( 5) are shown in Figures 7 and 8, where, xis the weight 
fraction of CdO reacted at time t and K is a rate constant. 
The reactions of CdO + a-Fe2o3 
Cd0·Mn2o3 obey Jander's diffusion equation at 700°C 
and over a short time range at 750° and 800°C. 
Plots of the Arrhenius equation (K = K e-Q/RT) are 
0 
shown in Figure 9, where, the rate constant of K was obtained 
from the initial straight line part of the plots of the 
Jander's diffusion equation. The activation energies cal-
culated are listed in Table I. They are compared to the 
reported activation energies for the formation of other 
spinels. Lower activation energies were found for the 
formation of spinels containing cadmium. 
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Table of Activation Energies for the Formation of Different 
Spinels 
Reaction Equations Activation Energies, (cal/mole) 
CdO + a.-Fe2o3 
700°-8'00° CdO•Fe 2o3 69,600 
CdO + Mn2o3 
700°-800° Cd0·Mn2 03 45,200 
ZnO + Fe2o3 
690°-760° Zn0·Fe2o3 72,000 ± lO,OOO(J) 
MgO + Fe2o3 
1000o-1300o M 0 F 0 g • e2 3 117,000{ 4 ) 
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B. Mixed Spinel Formation 
X-Ray diffraction patterns following the reaction, 
0.5 CdO + 0.5 MnC0 3 + a-Fe 2o3 0.5 Cd0•0.5 Mn0•Fe2o3 
+ 0.5 co2 are shown in Figure 10. At 700°C, the single 
spinel peaks of Cd0·Fe2o3 (28 = 29.09°, 34.22°) and of 
Cd0·Mn2o3 (28 = 28.33°, 31.16°, 35.77°) were first observed. 
The peaks of Cd0•Fe2o3 increased while the peaks of 
CdO·Mn2o3 decreased as the temperature was raised from 
700°C to 900°C. The formation of mixed spinel solid 
solution was continuous and simultaneous with the growth 
. 
of CdO•Fe2o3 and the diminishing of Cd0•Mn2o3 • At 850°C, 
CdO had completely reacted. At 900°C, the single spinel 
of Cd0·Mn2o3 had almost completely dissolved into the 
Cd0·Fe2o3 and formed the mixed spinel solid solution. 
The X-Ray diffraction patterns following the reaction, 
x CdO + (l-x)Mnco3 + a-Fe2o3 , at 900° and 1150°C are shown 
in Figures 11 and 12 respectively. Figure 11 shows that 
Mn3o4 (28 = 36.22°) appeared for x ~ 0.5; no Mn3o4 was observed 
for x > 0.5 at 900°C. Hahn et al. {6) found that the equilib-
rium decomposition of Mn 2o3 to Mn3o4 in air atmosphere is 
877 ± 8°C. Kedesdy(l} found that Fe2o3 will react with 
Mn3o4 above 1000°C to form Mn-ferrite. Figure 12 shows that 
a single phase of mixed spinel solid solution was formed at 
1150°C. Figures 11 and 12 also show as composition x in-
creased, the 28 angle of the X-Ray diffraction peak was shifted 
to a lower angle, while for the same composition, the 28 
angle was shifted to a larger angle as temperature was raised 
from 900°C to 1150°C. A downward shift of the 28 angle 
appears in the mixed spinel solid solution as composition 
x was increased in fulfillment of Vegard's law at both 
temperatures of 900° and 1150°C. As temperature was in-
creased from 900°C to 1150°C at the same composition, the 
18 
28 angle shifted upward. In summary, 1) the results at 900°C 
can be separated into two parts based on composition; one, 
0.0 < x < 0.5, with phases of Cd (Mn,Fe) 2o4 , a-Fe2o3 and 
Mn3o4 and the other, 0.5 < x < 1.0, with phases of Cd(Mn,Fe) 2o4 
and a-Fe2o3 , and 2) a single phase of mixed spinel solid 
solution formed for all compositions at 1150°C. 
BO<fC 1 2hrs 
i5c:fc 2hrs 
I 
70cfC 1 2 hrs 
60c:f C 1 2 hrs 
40 35 30 25 ( 28) 
Figure 10. Schematic X-Ray Diffraction Patterns 
Following the Reaction, 
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F gure 10 Continued 
Figure 11. Schematic X-Ray Diffraction Patterns 
Representing the Reaction, 
x CdO + (l-x)MnC0 3 + a-Fe 2o3 , 
at 900°C. 
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C. X-Ray Lattice Parameters of Mixed Spinel Solid Solution 
Figures 13 and 14 show the d-spacing of the (311) and 
(220) planes, respectively, for the spinel solid solution 
as a function of composition x at temperatures 900° and 
1150°C. They also show that the d-spacings of the (311) and 
(220) planes decreased as temperature was increased from 
900°C to 1150°C at the same composition. The variation of 
a with composition x is shown in Figure 15 at temperature 
0 
1150°C. It indicates that a mixed spinel solid solution was 
formed as composition x changed at temperatures 900° and 
1150°C or as temperature was raised from 900°C to 1150°C 
at the same composition as indicated in the previous section. 
From the formation kinetics of the single spinels, the 
phase analysis of the mixed spinel formation, and the X-Ray 
lattice parameter analysis of the mixed spinel solid solu-
tion, a model of reaction sequence of the mixed spinel for-
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The reactions CdO + a-Fe2o3 ---- Cd0·Fe2o3 and 
CdO + Mn2o3 Cd0·Mn2o3 obeyed Jander•s diffusion equa-
tion, (1 - 31.r=X) 2 = Kt, at 700°C and over a short time range 
for temperatures of 750° and 800°C. The activation energies 
were 69,600 ca1/mo1e for the cadmium ferrite reaction and 
45,200 ca1/mo1e for the cadmium manganate reaction. 
The reaction sequence of mixed ferrite formation of 
Cdx Mn1_x Fe2o4 from Cd0:Mnco 3 :a-Fe2o3 with ratios of 
x: (1-x):1 were: 
A. When 0.0 < x < 0.5 
xCdO+ (1-x) MnC0 3+ a-Fe0 3 
l-600°C 
xCdO+ 1/2(1-x)Mn2o3+ a-Fe2o3 
l-600°-800°C 
CdO•Fe2o3+Cd0•Mn203+ Cd(Mn,Fe) 204+Cd0+Mn203+ a-Fe2o3 
!-900°C 
Cd(Mn,Fe) 2o4+ Mn304+ a-Fe2o3 
!-1000°C 
Cd(Mn,Fe) 204+ MnFe 2o4 
l-1150°C 
(Cd,Mn,Fe) (Mn,Fe) 204 
B. When 0.5 < x < 1.0 
x Cd0+(1-x) MnC0 3+ a- Fe203 
J ~600°C 
x Cd0+1/2(1-x) Mn2 03+ a-Fe2o3 
l ~600°-800°C 
CdO.Fe2 03+CdO·Mn2 03+Cd(Mn,Fe) 204+CdO+Mn20 3+ a-Fe2o3 
l-900°C 
Cd(Mn,Fe) 2 04+ a-Fe2o3 
l-1150°C 




Tables II and III show the data used for the calibra-
tion curve for the reactions, CdO + a-Fe 2o3 
CdO·Mn2o3 respectively. Tables IV 
and V show the X-Ray diffraction data used for the kinetic 
studies for both reactions at temperatures of 700°, 750° 
and 800°C. The data for Jander's.diffusion equation 
3 2 (1- /r=X) = Kt for these reactions are shown in Tables VI 
and VII. 
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Tables VIII and IX show the X-Ray lattice parameters 
of the mixed spinel solid solutions which are formed at 900° 
and 1150°C, respectively, as a function of composition. 
TABLE II 
The Relationship between Cadmium Oxide Weight Fraction Re-
acted and Integrated Slow Scan X-Ray Intensity of the 
Cadmium Oxide (200) Peak for the Calibration Curve of the 
Reaction, CdO + a-Fe2o3 














CdO (200) X-Ray Intensity 
Peak Weight, (grams) 
-2 7.34 X 10 
-2 7.24 X 10 
5.27 X 10-2 
5.22 X 10-2 
4.48 X 10-2 
3.74 X 10-2 
2.89 X 10-2 
2.48 X 10-2 
2.19 X 10-2 




The Relationship between Cadmium Oxide Weight Fraction Re-
acted and Integrated Slow Scan X-Ray Intensity of the 
Cadmium Oxide (200) Peak for the Calibration Curve of the 
Reaction, CdO + Mn2o3 














CdO {200) X-Ray Intensity 
Peak Weight, (grams) 
6.12 X 10-2 
5.82 X 10-2 
5.30 X 10-2 
5.00 X 10-2 
3.97 X 10-2 
3.51 X 10-2 
3.34 X 10-2 
2.20 X 10-2 
1.50 X 10-2 




The Relationship between Time and Integrated Slow Scan 
X-Ray Intensity of Cadmium Oxide (200) Peak at Different 
Temperature for the Reaction, CdO + a-Fe 2o3 ---
Temperature Time CdO (200) X-Ray Intensity 
( oc) (min.) Peak Weight (grams) 
















CONTINUED TABLE IV 









The Relationship between Time and Integrated Slow Scan X-Ray 
Intensity of Cadmium Oxide {200) Peak at Different Tempera-
ture for the Reaction, CdO + Mn2o3 
Temperature Time CdO (200) X-Ray Intensity 
(OC) (min) Peak Weight {grams) 















CONTINUED TABLE V 









Data for Jander's Diffusion Equation for the Reaction, 
CdO + a-Fe2o3 Cd0•Fe 2o3 • 
Temp. Time X (1-x) 3 11-x (1-3 /r-X) 3 2 (1- /1-X) 
(OC) (min) Weight 
fraction 
697 10 0.110 0.890 0.9619 0.0381 0.0015 
20 0.225 0.775 0.9185 0.0815 0.0066 
30 0.315 0.685 0.8815 0.1185 0.0142 
50 0.325 0.675 0.8772 0.1228 0.0151 
90 0.370 0.630 0.8573 0.1427 0.0204 
120 0.450 0.550 0.8193 0.1807 0.0328 
754 10 0.370 0.630 0.8573 0.1427 0.0204 
20 0.445 0.505 0.7963 0.2037 0.0416 
30 0.690 0.310 0.6768 0.3232 0.1043 
50 0.790 0.210 0.5944 0.4056 0.1648 
70 0.815 0.185 0.5698 0.4302 0.1849 
90 0.835 0.265 0.5485 0.4515 0.2043 


































Data for Jander's Diffusion Equation for the Reaction, 
Temp. Time X 










































































CONTINUED TABLE VII 
805 10 0.700 0.300 0.6694 0.3306 0.1096 
20 0.760 0.240 0.6214 0.3786 0.1436 
30 0.780 0.220 0.6037 0.3963 0.1568 
so 0.820 0.180 0.5646 0.4354 0.1892 
-
70 0.840 0.160 0.5429 0.4571 0.2083 
90 0.840 0.160 0.5429 0.4571 0.2088 
120 0.880 0.120 0.4392 0.5068 0.2570 
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TABLE VIII 
Variation in d-Spacing with Composition x for the (311) and 
(220) Plane in Spinel Solid Solution for the Reaction, 
(311) Plane (220) Plane 
0 0 
X 28 d (A) 28 d (A) 
0.1 34.705 2.585 29.505 3.027 
0.3 34.505 2.599 29,280 3.050 
0.5 34.305 2.614 29.130 3.065 
0.7 34.230 2.620 29.080 3.071 
0.9 34.180 2.623 29.030 3.076 
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TABLE IX 
· Variation in d-Spacing and a 0 -Parameter with Composition x 
for (311) and (220) Plane in Spinel Solid Solution for the 
Reaction, x CdO + (1-x) MnC0 3 + a-Fe 2o3 , at 1150°C. 
(311) Plane (220) Plane 
0 0 0 0 
X 26 d (A) a 0 (A) 26 d(A} a 0 (A) 
0.00* 
0.1 34.855 2.574 8.54 29.630 3.015 8.53 
0.3 34.680 2.587 8.58 29.455 3.032 8.58 
0.5 34.505 2.599 8.62 29.305 3.048 8.62 
0.7 34.380 2.608 8.65 29.180 3.060 8.66 
0.9 34.230 2.620 8.69 29.080 3.071 8.69 
1.0** 
* Mn0·Fe 2o3 , ao = 8.52 
0 (7) A 
** Cd0•Fe2 o3 , 8.67 ± 0.01 
0 ( 8) 
ao = A 
VI. BIBLIOGRAPHY 
1. Kedesdy, Horst and Tauber, Arthur, "Synthesis of Some 
Ferrites," Journal of Metals, (7) 1140-1148 (1957). 
2. Kedesdy, Horst and Katz, Gerald, "X-Ray Diffraction 
Study of the Formation of Some NiZn-Ferrites," 
Ceramic Age (7) 29-34 (1953). 
43 
3. Duncan, J. F., and Stewart, D. J., "Kinetics and Mecha-
nism of Formation of Zinc Ferrite," Trans. Faraday Soc., 
. .§l (4) 1031-1041 (1967). 
4. Fresh, Donald L. and Dooling, J. s., "Kinetics of the 
Solid State Reaction between Magnesium Oxide and Ferric 
Oxide," J. Phys. Chern., 70 (10) 3198-3203 (1966). 
5. Kingery, w. D., Introduction to Ceramics, John Wiley and 
Sons, Inc., New York, p. 335-338 (1967). 
6. Hahn, w. C. Jr., and Muan, Arnulf, "Studies in the System 
Mn-0 : The Mn2o3 - Mn3o4 and Mn3o4 - MnO Equilibria," 
American Journal of Science,~ (1) 66-78 (1960). 
7. X-Ray Diffraction Data Card, ASTM NO. 2-1392. 
8. X-Ray Diffraction Data Card, ASTM NO. 2-0975 and 
Posnjak, E., Am. J. Sci. 19 67-70 (1930). 
44 
PART II 
CADMIUM MANGANESE FERRITE 
II. CALCINATION AND SINTERING 
ABSTRACT 
A mixture of 0.5 CdO + 0.5 MnC0 3 + a-Fe 2o3 was calcined 
at 900°C for 2 hrs forming Cd(Mn,Fe) 2o4 with no Cd present 
in the other phases. Sintering was accomplished at 1150°C 
for 30 minutes forming a single phase of (Cd,Mn,Fe,) 
(Mn,Fe) 2o4 with a bulk sintered density of 98-99% of the 
X-Ray density. 
The Cd0 • 5Mn0 •5Fe2o4 densification rate followed the 
relationship, p = K ln t + c. At 1050° and 1150°C, the 
slope, K, was positive and from 1200° to 1300°C it was 
negative. The negative densification rate at the higher 
sintering temperature appeared to be the result of porosity 
created by decomposition. 
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II. DENSIFICATION THEORY 
Coble( 2) proposed a diffusion sintering model for the 
later stages of densification of powder compacts. He 
assumed that the vacancies of which the pores were composed 
would diffuse to sinks at the grain boundaries. He obtained 
the following equation for the isothermal time rate of 
change of the pore volume, P: 
3 
dP Dya0 (1) at = -c :1:'"'": 1 kT 
Where c = constant 
D = bulk diffusion coefficient 
y = solid-vapor interfacial free-energy 
3 
vacancy volume ao = 
1 = edge length of a grain 
k = Boltzmann's constant 
T = the absolute temperature 
t = time 
The value of C is different in the intermediate and 
final stages, otherwise equation (1) can be applied to both 
stages. Equation (1) predicts a decrease of porosity with 
time, depending on the variation of grain size. Grain size 
is time dependent. If the cube of grain size is proportional 
to time, that is 13 =At, Coble( 3 ) obtained: 
3 
dP Dyao 
at= -N kT 1 t (2) 
47 
We can define percentage porosity as follows: 
. ·p p = 100 (1 - -) 
Pth. 
(3) 
where, p is the bulk.density and pth. is the theoretical 
density. Equation (3) substituted into {2) and rearranged, 
we get: 
3 
dp Pth. Dyao 1 
at = IOO N"lt'T" t 
which upon integration becomes: 
Pth. Dya~ 
p = l06 N~ lnt + c 
and simplifies to: 
. Pth. Dya~ 
where, K = lOO N~ 
p = Klnt + c (4) 
Morgan and Welch( 4) found the linear shrinkage of each 
of the pure oxides MgO, Al 2o3 , Sn02 , Ti0 2 and Nb2o5 
over a wide range of porosity. They arrived at the simple 
expression: 
{5) 
where, L is the length of the compact, t is the time at the 
shrinkage temperature and k' is a rate constant. If the 
shrinkage has linear relationship with densification, that is: 
-llL = c'llp 
which is substituted into equation (5), an expression 
similar to equation (4) is obtained as follows: 
dp = K dt t , 
p = Klnt + c 
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Experimentally Brown(S) also found that the MgO densi-
fication rate followed a linear relationship between 
density and the logarithm of the sintering time as in 
equation (4). 
In the present study, a linear relationship between 
the density of fired compacts of CdMn-ferrite and the 
logarithm of the sintering time was found. CdMn-ferrite 
can be described by the same diffusion model as that of the 





Six specimens were prepared as indicated in part I 
except for the heat treatment. The specimens were approxi-
mately three grams each with a CdO:MnC03 :a-Fe2o3 mole ratio 
of 0.5 : 0.5 : 1. They were placed into an electric fur-
nace in alumina crucibles at room temperature and calcined. 
The temperature profile of the calcination is shown in 
Figure 1. After about three hours the samples reached 
900°C and were soaked at this temperature for various 
times. The samples were removed and air quenched at 
0, 1, 2, 4, 6 and 8 hrs and the percent conversion to the 
spinel solid solution was determined by X-Ray diffraction. 
2. Sample Preparation for Sintering 
Each 100 gram batch of CdO : Mnco3 : a-Fe2o3 with a 
mole ratio of 0.5 : 0.5 : 1 was calcined as in the previous 
section, soaked two hours and air quenched. 
To the powders thus prepared was added 1% polyvinyl 
alcohol as a binder. Distilled water slurries of 60% 
solids were then made and steel-ball-milled for 16 hrs. 
After ball milling the slurries were pan evaporated. The 
dry cakes were broken and the particles were sized through 
~60, -80 and -100 mesh screen. The powder was uniaxially 
pressed at 600 psi into disks 3/4" in diameter about 1/8" 
high and isostatically pressed to 2,500 psi. The green 
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density reached 55% of the final theoretical value of the 
mixed ferrite, cd0 • 5Mn 0 _5Fe2o4 (pth. = 5.38 g/c.c.). The 
pellets were placed in a tightly covered cylindrical alumina 
crucible and sintered at different temperatures for various 
times in an air atmosphere. The temperature profile for 
the sintering cycle is shown in Figure 2. 
B. Density Measurement 
Density measurements were made using the xylene dis-
placement method. The precision of the density measure-
ments is ± 0.02 g/c.c. 
c. Microstructure 
The sintered pellets were sectioned and polished using 
the technique of Levesque et al. (6). The polished surfaces 
were etched with 0.1 N oxalic acid : concentrated H2so 4 
solution, volume ratio 1 : 1, at temperature 80°-90°C. 




















































































IV. RESULTS AND DISCUSSION 
A. Percent Conversion of Spinel During Calcination 
The percent conversion to the spinel solid solution 
was calculated from X-Ray diffraction peak intensities as 
follows: 
Percent conversion = 
53 
-----------------------I-3~1~1~·-<_s_p_.i_n_e_l_> ________________ ~x 100 
I 311 (spinel) + r111 (Cd0) + I 222 {Mn203) + I 104 (a-Fe2o3) 
The data are plotted in Figure 3. The percent conversion 
increased slightly from 80.6% at zero soaking time to 82.4% 
after soaking for 2 hrs. Negligible increase was observed 
after 8 hrs at the 900°C calcination temperature. However, 
further conversion occurs during sintering at higher 
temperature. 
B. Densification 
Following the sintering temperature profile shown in 
Figure 2, the specimens were drawn out of the furnace as 
the temperature reached 950°, 1000°, 1050°, 1100°, 1150°, 
1200°, 1250° and 1300°C with zero soaking time. The density 
plotted against temperature is shown in Figure 4. The 
density increased rapidly from 3.73 g/c.c. at 950°C to 
5.25 g/c.c. (97.6%) at 1150°C and slowed down as the tem-
perature increased. Two different batchs which were made 
following the same procedure were sintered at 1150°C. The 
density plotted against time is shown in Figure 5 for two 
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Figure 5. Density Plotted Against Time for cd0 5Mn0 5Fe2o4 
Sintered at 1150°C • • 
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Figure 6 shows the densification followed the logarith-
mic relationship of equation (4) at temperatures of 1050° 
1150°, 1200°, 1250° and 1300°C. At 1050°C the sintered 
density increased with time and at 1150°C no time dependence 
was observed. It decreased with time at the higher tem-
peratures of 1200°, 1250° and 1300°C. The linear relation-
ship between p and ln t at all of these temperatures may 
indicate that a diffusion mechanism is responsible for 
both the increase in densification at lower temperature 
and the decrease at higher temperature. It appears that at 
temperatures lower than 1150°C the sintered density in-
creases by a diffusion mechanism( 2) in which vacancies 
diffuse from pores to grain boundaries where they are 
annihilated. For temperatures higher than 1150°C, the 
decrease in sintered density with time may be due to the 
diffusion of the decomposition species to pores inside the 
grains. 
The microstructure showing the densification at 1050°, 
1150° and 1250°C is shown in Figures 7, 8 and 9. More pores 
are seen within grains at 1250°C than at 1050°C and 1150°C. 
However, the loss from decomposition and sublimation is 
negligible at a temperature of 1150°C or less for short 
sintering times as shown in Figure 6. The data of Hoschl 
et al. (?} on the loss of CdO, showed that about 8% of the 
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Figure 7. Microstructure of cd0 . 5Mn 0 • 5Fe 2o4 Sintered at 
1050°C for Various Times, 250X. 
59 
1 hr 





Figure 7 co~tinued 
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Figure 8. Microstructure of Cd0 •5Mn0 •5Fe2o4 Sintered at 
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Figure 9. Microstructure of cd0 •5Mn0•5Fe2o4 Sintered at 








Figure 9 continued 
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V. CONCLUSION 
Calcination of 0.5 CdO + 0.5 Mnco3 + a-Fe2o3 at 900°C 
for 2 hrs formed a solid solution phase, Cd(Mn,Fe) 2o3 which 
contained all of the Cd in the starting mixture. Sintering 
at 1150°C for 30 minutes produced a single phase, (Cd,Mn,Fe) 
(Mn,Fe) 2o4 • The bulk density reached 98-99% of the X-Ray 
density. 
The densification of Cd0•5Mn0 •5Fe2o4 at temperatures of 
1050°, 1150°, 1200°, 1250° and 1300°C followed the relation-
ship, p = K ln t + c. At temperatures less than 1150°C, the 
bulk density increased as the sintering time increased, 
while at temperatures greater than 1150°C, the bulk density 
decreased with sintering time. The sintered density de-
crease was due to the formation and enlargement of pores 




Table I shows the percent conversion of mixed spinel 
solid solution Cd(Mn,Fe) 2o4 for 0.5 CdO + 0.5 Mnco 3 + ~-Fe2 o 3 
calcined at 900°C. Table II shows the bulk density of 
Cd0 • 5Mn0 •5Fe2o4 sintered at different temperatures with 
zero soaking time. Table III shows the bulk density of 
Cd0 •5Mn0• 5Fe2o4 for different batches sintered at 1150°C 
for various times and Table IV shows the bulk density of 
Cdo.s Mno.s Fe2o4 sintered at different temperatures for 
various times. 
TABLE I 
Percent Spinel Conversion for 0.5 CdO + 0.5 MnC0 3 + a-Fe2o3 


















Bulk Density of Cd0• 5Mn 0• 5Fe2o4 Sintered at Different 
Temperatures with Zero Soaking Time, pth = 5.38g/c.c. 
Temperature Bulk Density 












Bulk Density of cd0 •5Mn0• 5Fe2o4 for Different Batches sintered 





















Bulk Density of Cd0 • 5Mn0 • 5Fe2o4 Sintered at Different 
Temperatures for Various Times. 
. . .. . .... 
Temperature Bulk Density 
(OC) (g/c .c.) 
30 1 3 5 10 15 17 
min. hrs. hrs. hrs. hrs. hrs. hrs. 
1050 5.03 5.31 5.33 5.36 
1150 5.34 5.34 5.34 5.35 5.34 5.33 
1200 5.36 5.35 5.33 5.32 
1250 5.33 5.31 5.30 5.28 
1300 5.34 5.31 5.25 5.19 
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PART III 
CADMIUM MANGANESE FERRITE 
III. MAGNETIC PROPERTIES 
ABSTRACT 
Magnetic properties of CdxMn1 _xFe 2o4 were affected by 
composition x. A linear relationship between maximum 
magnetic flux density and composi~ion x was found, 
B = gx + h, at room temperature in the composition range 
0 < x ~ ~.3. This was rationalized by a modification of 
Neel's theory. At 0.3 < x ~ 0.5, the maximum magnetic 
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flux density decreased with increasing cadmium concentra-
tion. This decrease was attributed to the changing direction 
of the magnetic moment in the octahedral site sub-lattice 
according to the superexchange theory. At 0.5 < x ~ 1.0, 
no magnetic properties were observed due to the formation 
of a compensated antiferromagnetic phase. 
Maximum magnetic flux density was dependent on bulk 
density and coercive force was dependent on grain size. 
Maximum magnetic flux density increased with bulk density. 
The coercive force decreased with grain growth. 
The initial permeability was dependent on both bulk 
density and grain size. The initial permeability increased 




Eichbaum(l) studied CdMn-ferrites for use in computer 
components. The compositions which he studied are designated 
by crosses in Figure 1. Eichbaum{ 2} also studied the effect 
of boron on square-loop cadmium manganese ferrites of the 
composition shown by the circle with the cross in Figure 
1 B . d t 1{3) t d' d d . . . • a~r e a s u ~e ca m~um-conta~n~ng manganese 
zinc ferrite systems. Their compositions were described 
by the empirical formula: 
{w) Fe2o3 + (x) CdO + (y) ZnO + (z) MnO 
Where 50 < w ~ 56, 0.8 < x ~ 21.4, 0~ y ~ 21.4, 
16 ~ z~ 35, and x + y + z + w = 100, all numerical values 
being expressed in mole percent. The composition regions 
studied intensively had the empirical formulas: 
51.6 Fe2o3 + x CdO + (16.1 - x) ZnO + 32.3 MnO 
and 
51.9 Fe2o3 + x CdO + (21.4 - x) ZnO + 26.7 MnO 
If ZnO + CdO were combined on the ternary, the compositions 
which they studied are shown by the triangles in Figure 1. 
The purpose of this study is to further the understand-
ing of the magnetic properties of CdMn-ferrites as a func-
tion of composition, bulk density and grain size. The 





Figure 1. Compositions of Specimens Studied 
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Neel( 4) postulated the theory f f · · o err~magnet~sm wherein 
the resultant magnetization is the difference between the 
magnetization due to the total contribution of the cations 
which occupy the octahedral sites and that due to the total 
contribution from the tetrahedral sites. This theory was 
experimentally confirmed by Gorter(S) and Guillaud et al.(G, 7). 
The chemical formulation of ferrites can be generally 
expressed as AB2o4 , where, A represents the ions in tetra-
hedral sites and B represents those in octahedral sites, 
Neel's theory can then be simply represented as: 
(1) 
where m is the net saturation moment and rnA and mB are the 
sums of the magnetic moments in the A and in the B lattice 
sites respectively. Most previous data were obtained at 
0°K with the magnetic field H approaching infinity in order 
to obtain the saturation magnetic moment. At 0°K, all of 
the spins are assumed to be lined up, that is, complete 
parallelism of the atomic moments within the Weiss domains 
exists. 
In mixed ferrites of composition ZnxMe1_xFe2o4, a 
linear relationship between saturation net moment and com-
position x has been found in certain composition ranges by 
~ ~ , ( ,• ~ 
Gorter(S) and Guillaud et al. (G, 7). This relationship can 
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be expressed as: 
m = ex + d (2) 
where c and d are constants. This result is in agreement 
with Neel's theory as expressed in equation (1). However, 
after the net saturation moment reaches a maximum, it then 
decreases as the zinc concentration increases due to the 
changing in the direction of the magnetic moment in the 
octahedral site sub-lattices. The net saturation moment 
then becomes: 
where w is defined as follows: 
(3) 
Above ooK, thermal energy reverses some of the spins and 
reduces the magnetization. The phenomena become more com-
plicated at room temperature. The magnetization of 
zn Mn Fe o and zn Nil Fe2o4 increases with x for low x 1-x 2 4 x -x 
zinc concentration and reaches a maximum when x is equal to 
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0.15 and 0.33 respectively(S). This effect was plotted 
from the data of these authors and is shown in Figure 2. 
In the present studies, the maximum magnetic flux 
density has been measured at room temperature for 
CdxMnl-xFe2o4 and a linear relationship was observed between 
the maximum magnetic flux density and composition x until 
reaching a maximum at x equal to 0.3. It will be shown that 
this linear relationship is expected to hold for T > 0°K as 














4 ZnxNil-x Fe2<l4 
Figure 2. Magnetization of ZnxMnl-xFe2o4 and 




A. Sample Preparation 
Samples with CdO : MnC03 : a-Fe2o3 mole ratios of 
X : {1-x) : 1, where x was equal to 0.0, 0 1 0 2 0 3 
• I • I • I 
0.4, 0.5, 0.6, 0.7 and 0.9 were prepared as previously 
described in Part I and II. The specimens were pressed 
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as toroids and pellets and sintered at different temperatures 
for various periods of time. The toroids and pellets were 
sintered side by side7 the toroids were used for characteri-
zation of magnE::!tic properties and the pellets for the density 
measurements and microstructure studies. 
B. Hysteresis Loop Measurement 
The measurements were made by using an a-c dynamic 
method described by Soohoo. (9) The block diagram of the 
excitation and test circuit which is used to display the 
dynamic hysteresis loop of ferrite cores upon the screen 
of the oscilloscope are shown in Figure 3. The instantaneous 
voltage drop across the capacitor C is proportional to 
the instantaneous magnetic flux density in the core and 
the instantaneous voltage across Rp is proportional to 
the instantaneous applied magnetic force. Therefore, when 
the voltages across C and Rp were applied to the vertical 
and horizontal inputs of the oscilloscope, a B-H curve was 
traced. 
The equations which were used for calculation of the 









Figure 3. Measuring Circuit for Dynamic Hysteresis Loop 
...J 
...J 
B = (Ec) (CRs ) (10 8) NsAs ' . gauss 
oersted 
where, 
B = magnetic flux density within core, gauss 
H = magnetic field intensity, oersteds 
Ec = voltage across capacitor C applied on vertical 
deflecting plate of oscilloscope, volts. 
ER = voltage across the resistance Rp in the primary 
circuit applied on horizontal deflecting plate 
of oscilloscope, volts. 
C = capacitance, farads. 
As= cross-sectional area of core material, cm2 • 
Lm =mean length of core. 
Rs, Rp = resistance in secondary and primary circuits 
respectively, ohms. 
Ns, Np = number of turns on secondary and primary 
winding respectively. 
The frequency f, capacitance C and resistance of 
secondary circuit Rs were chosen under the conditions 
described as follows: 
let, 
Rt = Rs + Rw + Xc 
where, 





Therefore, the frequency did not effect the magnetic flux 
density and the loading effects on the secondary coil were 
avoided. The oscilloscope was carefully calibrated and the 
errors in B and H were within 2%. 
C. Permeability and Initial Permeability Measurement. 
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Figure 4 shows how the permeability was measured from 
the hysteresis loop. Permeability was measured and calculated 
as follows: 
The _initial permeability was measured at low induction 
. 1 . {10) 
using the Rayle~gh re at~on : 
~ = ~o + vH 
or 
2 











Figure 4. Hysteresis Loop at Low Field Strength 
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where, 
v = normal permeability, gauss/oersted. 
vo = initial permeability, gauss/oersted. 
B = magnetic flux density, gauss. 
H = magnetic field, oersteds. 
v, v'= constants. 
combining equations {7) and (8), 
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(9) 
vo was therefore determined by extrapolating the v-H curve 
to zero H as follows: 
D.B 
vo = lim !H 
D.H-0 
D. Bulk Density Measurement 
The technique was same as described in Part II. 
(10) 
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III. RESULTS AND DISCUSSION 
A. Densification 
Figure 5 shows the bulk density and X-Ray density 
plotted against composition. In all specimens sintered at 
1150°C for 30 minutes except the one without CdO addition, 
the bulk density reached 98% to 99% of the X-Ray density. 
The density without CdO addition was 89%. Cadmium oxide 
promoted the densification. 
B. Composition Effect on the Magnetic Properties 
Figure 6 shows the hysteresis loop of the specimens 
traced from the oscilloscope photographs. The magnetic flux 
density and coercive force as a function of composition are 
shown in Figures 6 and 7. The coercive force decreased 
and then increased to a maximum before decreasing again as 
Cd was added. The linear relationship between maximum 
magnetic flux density B and composition x were observable. 
The maximum occurred, when x was equal to 0.3. Above 
x = 0.5, B sharply dropped to zero. This drop delineates 
the composition line (dotted) which separates the ferri-
magnetic and the compensated antiferromagnetic phases. 
1. Ferrimagnetic Phase 
The linear relationship up to x = 0.3 represents 
agreement with a modification of Neel's theory for the 
room temperature case. This agreement can be rationalized 
for the un-saturated case modification as follows: 
0 X-Ray density / 
/0 

























Figure 5. Density Plotted Against Composition x for 
CdxMnl-xFe2o4 Sintered at 1150°C for 30 
Minutes· 
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Figure 7. Magnetic Flux Density and Coercive Force Plotted 




The composition (Cd Mn1 Fe } (Mn Fe2 )0 4 will be x -x-y y y -y 
. ++ +++ considered. The magnet1c moments of Mn and Fe at room 
temperature are, 
a < 5.0 
and 
+++ ~e = bllB' b < 5.0 
where unit, ~B is a Bohr magneton. 
then, 
= ay + b(2-y) - a(l-x-y) - by 
=ax+ 2(a-b)y + (2b-a) 
let, 
2{a-b) = c and (2b-a) = d 
m = ax + cy + d 
It is also known that 
( ~) ( ~ ) (Ms) ( 8) ' (11) m = 
and 
B = H + 4'1TMS ( 8) 1 
.. 1 





M = molecular weight 
p = density 
Ms = saturation magnetization 
substituting equations (11) and (13) into (12) 
. l . M 1 
ax + cy + d = (SSSS ) {-p-) (~) (B-H) 
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~ = 2.05 X 10-2 
B >> H 
Y = distribution of Fe+++ and Mn++ in tetra-
hedral and octahedral sites, respectively, 
and is assumed constant at the low sinter-
ing temperature of 1150°C. 
B = (5585) (2 .05 X 10-z) (4tr) (a) (X) 
+ (5585) (2. 05 -2 x 1 0 ) ( 4tr) ( cy + d), 
B = gx + h (15) 
{5585) (2. 05 -2 g = x 10 ) (4tr) (a) 
h (5585) {2.05 X -2 d) = 10 ) (4tr) (cy + 
compositions were in the range 0.3 < X ~ 0.5, 
the maximum magnetic flux density decreased with increasing 
cadmium concentration. This decrease appears to be due to 
the changing direction of the magnetic moment in the octahe-·~ , .. 
dral site sub-lattices according to the superexchange 
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theory (S' 12). The magnetic structure can be schematically 
summarized in the case of these compositions as follows
: 




0 •. 3 < X < 0.5 
• 
!£, __ _ 
As x increases ~ decreases, which reduce the net moment 
due to the ions in the octahedral sites. This net mom
ent 
decrease can also be shown by using equation (3). 
2. Compensated Antiferromagnetic Phase 
No magnetic properties were observed in the composition
 
range of 0.5 < x < 1.0. This was expected from the x-R
ay 
diffraction study (part I) which showed that the intermediate 
spinel solid solution Cd(Mn,Fe) 2o4 formed at 900°C. Some 
a-Fe2o3 was also still present at this te
mperature. At the 
final sintering temperature 1150°C, however, a single s
olid 
solution was formed. The iron appears to be distribute
d 
in the tetrahedral and octahedral sites in such a way 
as to 
form a final spinel solid solution which exhibits no n
et 
moment. This may be of the form (CdxFe1_x) (Mn1_xFel+x>o 4 • 
The' '~agnetic structure can be schematically summarized to 
explain these phenomena as follows: 
and 




Maximum Magnetic Flux Density Dependence on Bulk 
Density 
Two spinel solid solutions, Cd0 •3Mn 0 _7Fe2o4 and 
Cd0 • 5Mn0• 5Fe2o4 , have been investigated. The hysteresis 
loops of Cd0 • 3Mn0• 7Fe2o4 as a function of time are shown 
in Figure 8. Figures 9, 10 and 11 show that the maximum 
magnetic flux density is dependent on the bulk density. 
The post-maximum magnetic flux density decrease, if any, 
in both, is probably due to the loss of cadmium oxide. 
D. Coercive Force Dependence on Grain Size 
Figures 9 and 10 show the coercive force as a function 
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of sintering time and Figure 11 as a function of temperature. 
The grain growth of CdMn-ferrite as a function of sintering 
time is shown on figures 12 and 13 as a function of tempera-
ture on Figure 14. The decrease in the coercive force 
appears to be due to grain growth as a sintering time or 
temperature increases. This effect is well known and has 
been observed by Johnson et al(l3) for MgMn-ferrite and 
others. 
E. Initial Permeability Dependence on Composition, Bulk 






30minutes 1 hr. 3 hrs 
Figure 8. Hrsteresis Loops of cd0 3Mn0 7Fe 2o4 Sintered at 1150°C at Various 
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Figure 9. Magnetic Flux Density, Coercive Force and 
D~nsity Plotted Against Time for 
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Figure 10. Magnetic Flux Density, Coercive Force and 
Density Plotted Against Time for 
cd0• 5Mn0 . 5Fe2o4 Sintered at 1150°C 
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Figure 11. Magnetic Flux Density, Coercive Force and 
Density Plotted Against Temperature for 
Cd0 • 5Mn0 ~ 5Fe2 o 4 Sintered for 10 Minutes 
... 
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Figure 12. Microstructure of Cd0•3Mn0•7Fe2o4 as A 
Function of Sintering Time, 250X. 
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11-'o•c, 1 hr 
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Figure 12 Continued 
Figure 13. Microstructure of cd0• 5Mn0•5Fe2o4 as A 
Function of Sintering Time, 250X. 
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1150° C, 10 hrs 
Figure ~3 continued 
Figure 14. Microstructure of cd0•5Mn0•5Fe2o4 as A 
Function of Sinterin9. Temperature, 250X. 
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Figur$ 14 Continued 
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No simple relationship can be defined between the 
initial permeability and composition as shown in Figure 15. 
Figures 16 and 17 show that as the sintering time increases 
the initial permeability tends to increase. Figure 18 shows 
that the permeability increases with the sintering tempera-
ture also. As sintering time and temperature increase, 
both the bulk density and grain size tend to increase which 
will increase the maximum magnetic flux density and decrease 
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Figure 16. Permeability Plotted Against Field Intensity 
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Figure 17, Permeability Plotted Against Field Intensity 
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Figure 18. Permeability Plotted Against Field Intensity 
for Cd 0• 5Mn0• 5Fe2o4 Sintered at Various 




Magnetic properties of CdxMnl-xFe2o4 were affected by 
composition x. For compositions in the range Q < x ~ 0.3, 
a linear relationship between maximum magnetic flux density 
Band composition x was found,_B = gx +h. This was rational-
ized at room temperature by a modification of Neel 1 s theory. 
For compositions in the range 0.3 < x ~ 0.5, the maximum 
magnetic flux density decreased with increasing cadmium con-
centration. This decrease was explained by the changing 
direction of the magnetic moment in the octahedral site sub-
lattice according to the superexchange theory. For com-
positions in the range 0.5 < x < 1.0, no magnetic properties 
were observed. This was found to be due to the formation 
of a compensated antiferromagnetic phase, (CdxFe1_x> (Mn1_xF~+J 
o4 • No simple relationship could be defined between coercive 
force, initial permeability and composition x. 
The maximum magnetic flux density was found to be 
dependent on the bulk density and the coercive force was 
dependent on grai~ size. As the bulk density decreased, the 
maximum magnetic flux density decreased and as grain size 
increase, the coercive force decreased. 
Initial permeability was dependent on both bulk density 
and grain size. Either a bulk density increase or a grain 
size increase enhances the initial permeability. 
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V. APPENDICES 
A. Equipment Used for Magnetic Properties Measurement 
A block diagram of the excitation and test circuit which 
was used to display the dynamic hysteresis loop of ferrite 
cores upon the screen of the oscilloscope is shown in 
Figure 3. The equipment used is as follows: 
1. Model 200 AB Audio Osillator, Hewlett-Packard Company, 
275 Page Mill Road, Palo Alto, California 
2. Dual Trace Oscilloscope 702, Fairchild Dumont Labora-
tories, Clifton, New Jersey. 
3. Oscilloscope Camera, Model 196A, Series 216, Hewlett-
Packard, Palo Alto, California 
B. Experimental Data 
Tables I, II and III show, respectively, the bulk density, 
core size and magnetic properties of CdxMn1_xFe2o4 sintered 
at 1150°C for 30 minutes at different compositions. Tables 
IV, V and VI show, respectively, the bulk density, core 
size and magnetic properties of Cd0_3Mn 0• 7Fe2o4 sintered 
at 1150°C for various times. Tables VII, VIII and IX show, 
respectively, the bulk density, core size and magnetic 
properties of cd0• 5Mn 0 • 5Fe2o4 sintered at different tem-
peratures for 10 minutes. Table XIII shows the permeability 
and the initial permeability of CdxMnl-xFe2o4 sintered 
1150°C for 30 minutes at different compositions. Table XIV 
shows the permeability and initial permeability of 
Cd Mn Fe 0 sintered at 1150°C for various times. 0.3 0.7 2 4 
Table XV shows the permeability and initial permeability 
of Cd0 •5Mn0• 5Fe2o4 sintered at 1150°C for various times 
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and Table XVI shows the permeability and initial permeability 
of Cd0• 5Mn0• 5Fe 2o4 sintered at different temperatures for 
10 minutes. 
TABLE I 
Bulk Density and X-Ray Density of CdxMnl-xFe2o4 Sintered 
at 1150°C for 30 Minutes. 
p x-ray, PB 
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X (g/c.c.) (g/c. c.) % of X-Ray 
0.0 4.96 4.43 89.31 
0.1 5.04 4.94 98.02 
0.2 5.05 
0.3 5.22 5.11 97.89 
0.4 5.23 
0.5 5.38 5.34 99.26 
0.6 5.40 
0.7 5.56 5.48 98.56 
0.8 















Diameter, Diameter, ness, 
in in in 
0.89 1.20 0.18 
0.86 1.16 0.21 
0.87 1.17 0.19 
0.87 1.17 0.20 
0.87 1.16 0.17 
0.85 1.15 0.19 
0.85 1.15 0.17 
0.84 1.13 0.20 
----
0.84 1.14 0.16 
Cross-
sectiona12 
























Coercive Force and Maximum Magnetic Flux Density of CdxMnl-xFe2o4 Sintered at ll50°C for 
30 Minutes and Related Measurement Data. 
He B 
Np Rp Xseale w~dth f He c Ns Rs Yseale High B 
X (turns) (ohms) {volts/em) (em) {Hz) {oersted) (farad) {turns) (ohms) (volts/em) (em) (gauss) 
0 580 30 1.0 2.3 1000 3.35 2.8xl0 
-6 575 22,000 0.01 6.0 1700 
0.1 620 30 1.0 0.6 1000 0.97 2.8x10 
-6 610 22,000 0.01 7.6 1800 
0.2 650 30 1.0 0.7 1000 1.18 2.8xl0 
-6 625 22,000 0.01 8.4 2300 
0.3 660 30 1.0 1.2 1000 2.04 2.8xl0 
-6 600 22,000 ·0.01 10.0 2700 
0.4 640 30 0.1 1.2 1000 0.20 2.8x10 
-6 615 22,000 0.01 5.6 1700 
0.5 635 30 0.1 0.7 1000 0.12 2.8x10 
-6 600 22,000 0.01 3.6 1000 





Bulk Density of Cd0• 3Mn0_7Fe2o4 Sintered at 1150°C for 
Various Times 
Time Bulk Density, g/c.c. 
30' 5.13 
1 hr 5.16 
3 hrs 5.14 
5 hrs 5.13 
108 
TABLE V 
Core Size of ca0• 3Mn 0•7Fe2o4 Sintered at 1150°C for 
Various Times. 
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Internal External Thick- Cross- Mean Length 
Diameter, Diameter, ness, sectional2 of Core, 
Time in in in area, (em ) (em) 
30' 0.87 1.17 0.20 0.19 8.14 
1 hr 0.87 1.17 0.18 0.17 8.14 
3 hrs 0.84 1.15 0.17 0.16 7.94 
5 hrs 0.86 1.16 0.22 0.22 s.os 
TABLE VI 
Coercive Force and Maximum Magnetic Flux Density of cd0 • 3Mn0 • 7Fe2 o 4 Sintered at 1150°C 
for Various Times and Related Measurement Data. 
He B 
Np. --Rp- Xscale Width f He c Ns Rs Yscale HJ.gh B 
Time (turns} {ohms} (volts/em} {em} (Hz} (oersted} (farad) (turns) (ohms) (volts/em) (em) (gauss) 
30' 660 30 1.0 1.2 1000 2.04 2.8xlo-6 600 22,000 0.01 10.0 2700 
1 hr 660 30 1.0 0.9 1000 1.53 2.8xl0 
-6 635 22,000 0.01 10.5 2900 
3 hrs 680 30 1.0 0.3 1000 0.54 2.8xl0 
-6 670 22,000 0.01 9.2 2600 
5 hrs 610 30 1.0 0.3 1000 0.48 2.8xl0 





Bulk Density of cd0• 5Mn0 •5Fe2o4 Sintered at 1150°C for 
Various Times. 
Time Bulk Density, g/c.c. 
10' 5.32 
30' 5.32 
1 hr 5.31 
3 hrs 5.32 




Core Size of cd0 •5Mn0•5Fe2o4 Sintered at 1150°C for 
Various Times. 
Internal External Thick- Cross- Mean Length 
Diameter, Diameter, ness, sectional2 of core, Time in in in area, (em } (em) 
10' 0.86 1.15 0.20 0.19 8.02 
15' 0.85 1.14 0.20 0.19 7.96 
30' 0.85 1.15 0.19 0.18 7.96 
1 hr 0.87 1.17 0.15 0.15 8.11 
3 hrs 0.86 1.16 0.17 0.16 8.08 
TABLE IX 
Coercive Force and Maximum Magnetic Flux Density of Cd0 • 5Mn0 _5Fe 2o4 Sintered at 1150°C 
for Various Times and Related Measurement Data. 
He B 
Np Rp Xscale Width f He c Ns Rs Yscale High B 
Time (turns) (ohms) {volts/em) (em) {Hz) (oersted) {farad) (turns) {ohms) (volts/em} (em) (gauss) 
10' 660 30 0.1 1.9 1000 0.33 -6 2.8x10 600 22,000 0.01 3.3 890 
15' 620 30 0.1 1.5 1000 0.24 2.8x1o-6 600 22,000 0.01 3.6 980 
30' 635 30 0.1 0.7 1000 0.12 -6 2.8xl0 600 22,000 0.01 3.6 1000 
1 hr 640 30 0.1 0.6 1000 0.10 -6 2.8xl0 600 22,000 0.01 3.0 1000 






















Core Size of Cd0•5Mn0_5Fe2o4 Sintered for 10 Minutes at 
Various Temperatures. 
Tempera- Internal External Thick- Cross- Mean Length 
ture, Diameter, Diameter, ness, Sectiona12 of Core, (OC) in in in Area, (em ) (em) 
1150 0.86 1.15 0.20 0.19 8.02 
1200 0.86 1.15 0.15 0.14 8.05 
1300 0.86 1.15 0.19 0.18 8.04 
1400 0.86 1.16 0.18 0.17 8.06 
TABLE XII 
Coercive Force and Maximum Magnetic Flux Density of Cd0 _5Mn0 • 5Fe 2o4 Sintered for 10 Minutes 
at Different Temperatures and Data Used for Measurement. 
Tempera- He B 
ture 
Np Rp Xscale Width f He c Ns Rs Yscale High B 
( QC) (turns) (ohms) (volts/em) (em) (Hz) (oersted) (farad) (turns) (ohms) (volts/em) (em} (gauss) 
1150 660 30 0.1 1.9 1000 0.33 2.8xl0 -6 660 22,000 0.01 3.3 890 
1200 625 30 0.1 0.7 1000 0.11 2.8xl0 -6 600 22,000 0.01 2.9 1000 
1300 650 30 0.1 0.9 1000 0.15 2.8x10 -6 610 22,000 0.01 3. 6 1000 





Field Intensity, Flux Density, Permeability and Initial Permeability of CdxMnl-xFe2o4 
Sintered at ll50°C for 30 Minutes. 
Field Intensity, Flux Density, Permeability, Initial Permeability, 
X H (oersted) B (gauss) ll (gauss/oersted) llo (gauss/oersted) 
0 8.75 1320 151 
6.71 803 120 
5.83 459 79 
4.08 287 70 
2.92 172 59 60 
0.1 1.29 705 545 
0.97 302 311 




CONTINUED TABLE XIII 
0.2 3.36 2690 801 
2.69 1614 600 
2.35 1184 503 
1.68 753 448 370 
0.3 3.06 593 194 
2.72 431 159 
1.70 215 127 
1.02 108 106 90 
0.4 0.30 1186 3975 
0.20 624 3138 
0.17 375 2260 
0.13 250 1882 
0.07 125 1884 1900 





Field Intensity, Flux Density, Permeability and Initial Permeability of Cd0 • 3Mn0 • 7Fe2o4 
Sintered at 1150°C for Various Times. 
Field Intensity, Flux Density, Permeability, Initial Permeability, 
Time H (oersted) B (gauss) ~ (gauss/oersted) ~o (gauss/oersted) 
30' 3.06 593 194 
2.72 431 159 
1.70 2.5 127 
1.02 108 106 90 
1 hr 2.72 1792 660 
2.38 1120 471 
2.04 560 275 
1.70 336 198 




( :· "~ 





5 hrs 1.27 1311 
0.64 468 
0.32 187 















V1eld Intensity, Flux Density, Permeability and Initial Permeability of Cd0 • 5Mn0 _5Fe2o4 
Sintered at 1150°C for Various Times. 
Field Intensity, 





30 1 0.13 
1 hr 0.17 
0.13 
0.10 









































F~~d~'Intensity, Flux Density, Permeability and Initial Permeability of Cd0 • 5Mn0 •5Fe2o4 
. ~ :· 
Sintered for 10 Minutes at Different Temperatures. 
Temper- Field Intensity, 
ature 

















Permeability Initial Permeability, 
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CADMIUM MANGANESE FERRITE 
IV. MOTOR APPLICATION 
I. ·INTRODUCTION 
The ultimate goal of this work was to determine the 
assets and liabilities of using a new ferrite core material 
in a-c motors. Primary considerations were: A) Process 
development for fabrication, B) Characterization and 
comparison of different materials and motor designs. 
The.basic process parameters to form CdMn-ferrites 
were developed. A prototype powder pressing die was 
designed and fabricated to produce a ferrite core to re-
place the laminated core in the Emerson Electric production 
motor model No. 3824-4. Initial experiments with this 
die indicate that cores with complicated shape can be formed 
by pressing and sintering. The characteristics of a ferrite 
core will be measured and evaluated to compare with the 
laminated core of an existing motor. This is preliminary to 
designing a motor around the ferrite core itself. 
A completely new design based on a ferrite core is 
recommended as essential. Since existing motors were designed 
around the properties of laminated cores, they would not be 
expected to function well with a core of different properties. 
The assets of the ferrite properties must be taken full 
advantages of in the new design, i.e., high resistivity and 
low coercive force, etc., while the effect of the weaknesses, 
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i.e., low saturation magnetic flux density, must be minimized 
in the new design. 
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II. EXPERIMENT AND RESULTS 
A mixture of 0.3 CdO + 0.7 Mnco3 + a-Fe2o3 was calcined 
and sintered following the process described in part II. 
After calcination, the sample was steel-ball-milled with 
solutions of one weight % of polyvinyl alcohol and one 
weight % of polyethylene glycol. The milled powder was then 
dried, screened, adjusted to the proper moisture content 
with a small amount of polyvinyl alcohol and polyethylene 
glycol and mechanically pressed to 3000 psi with die shown 
in Figure 1. The pressed core section is shown in Figure 2. 
The pressed core specimens were pre-sintered at 900°C for 2 
hrs and cooled naturally in the furnace to room temperature 
so that slots could be cut with a tungsten carbide blade. 
Figure 3 shows the pre-sintered core section with slots cut. 
Core sections were final sintered.at 1150°C for 1 hr and cool-
ed naturally to room temperature. Figure 4 shows the sintered 
core section. 
The stator core will ·be tested at·· Electrical Engineering 
Department of UMR. The ferrite core with about 3.8" diameter 
x 1.0" thick will be used for the magnetic characterizations 
of B-H and B($) - i. Three 1.0" thick sections of this 
ferrite core with same dimension as described will be stacked 
to total 3 .0'' which will be wound and characterized by the 
standard motor parameters. 
Based on the results of this thesis and the above tests, 
a new motor design should be undertaken. 
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Figure 1. Prototype Powder Pressing Die 
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F.igure 2. Pressed Core Section 
Figure 3. Pre-sintered Core Section 
with Slots Cut 
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Figure 4. Sintered Core Section 
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